A modified cellular automaton model with a diffuse interface has been developed in order to investigate the effects of convection on dendritic growth morphology in an undercooled melt. The present model is based on the coupling of the dendritic growth algorithm generally used in cellular automaton models and the continuum model of phase field models. A diffuse interface is adopted in order to solve the continuum model for species and momentum transfer with convection. The asymmetrical growth of dendrite arms and the deflection behavior have been investigated with various parameters, such as the preferred orientation of crystal growth, the inlet flow velocity, the initial liquid concentration, and the initial supercooling of the melt. It was found that convection induces an asymmetric dendritic growth in the upstream direction, caused by the asymmetry of solute distribution in the liquid ahead of the solid/liquid interface. The asymmetry in dendritic growth is amplified with the increase of both the initial concentration and the flow velocity, and the asymmetry decreases with the increase of the initial supercooling. It can be concluded that the present model can be successfully applied to simulate dendritic growth morphology with convection.
Introduction
During the last two decades, experimental techniques, analytical models and numerical models have been developed to help understand the evolution of dendritic growth in solidification of alloys. A lot of experimental works 1, 2) have reported on the dendrite growth morphology of transparent materials. Analytical models have also been reported to investigate dendritic growth kinetics. [3] [4] [5] [6] [7] Numerical models developed for simulating microstructure evolution in solidification of alloys are classified into two groups, such as deterministic and stochastic models. Phase field models (PFM) have been known as one of the most adequate deterministic models for directly simulating the dendrite growth morphology. [8] [9] [10] [11] [12] [13] On the other hand, stochastic models such as the Monte Carlo method 14, 15) or the cellular automaton models have been usually applied to the prediction of macroscopic grain structures. The Monte Carlo method has been used to predict the solid-state transformation such as recrystallization or grain growth, whilst the cellular automaton model that accounts for the dendrite growth kinetics has been applied to simulate the solidification grain structures and the columnar to equiaxed transition. Brown, et al. 29) and Sasikumar et al. 30) tried to simulate thermal dendrites using the cellular automaton models. Recently, Dilthey et al. [37] [38] [39] and Nastac 40, 41) have reported modified cellular automaton models to predict the thermal and solutal dendrites. All of these works have focused on the evolution of macroscopic grain structures or dendritic structures from a melt without convection.
It has been known that forced convection in a melt affects dendrite growth morphology in solidification of metals. Beckermann et al. 42, 43) applied a phase field model to study the effect of melt convection on the evolution of thermal dendrites of a pure metal. Lee and Hong 44) applied a cellular automaton model to predict the deflection of the columnar grains solidified in a flowing melt.
In the present study, a modified cellular automaton model with a diffuse interface was developed to predict the evolution of dendritic growth of alloys with convection. The simulation scheme for dendritic growth in the cellular automaton models was modified to directly simulate the dendrite growth morphology, and the continuum model used in the phase field models was accounted to couple the modified scheme with the numerical analysis for species and momentum transfer. The effects of the preferred orientation of a dendrite, the inlet flow velocity, the initial liquid concentration, and the initial supercooling were also investigated in order to predict the evolution of dendrites in solidification of alloys with convection.
A Modified Cellular Automaton Model with a
Diffuse Interface
Dendritic Growth Kinetics
In the phase field models, the dendritic growth velocity is determined deterministically using a phase field equation. 13) On the other hand, in case of cellular automaton models, the growth velocity of a dendrite tip is evaluated using the analytical models of dendritic growth kinetics, such as LKT (Lipton, Kurz and Trivedi) or KGT (Kurz, Giovanola and Trivedi) models. In the present model, we adopt the classical sharp interface model 7, 13) to determine the growth velocity as follows. where v g , m k , DT, and T* indicate the average growth velocity, the interface kinetics coefficient, the kinetic undercooling, and the temperature of the solid/liquid interface, respectively.
The equilibrium melting temperature (T f ) can be defined as 7) T 
and k indicate the melting temperature of a pure metal, the liquidus slope, the liquid concentration at the solid/liquid interface, Gibbs-Thomson coefficient, and the radius of curvature of the solid/liquid interface, respectively.
Artificial Diffuse Interface
In classical cellular automaton models the phase (liquid or solid) fraction is not considered in the cells. Thus, it is difficult to analyze the transport phenomena near the solid/liquid interface. On the other hand, in case of phase field models solute redistribution and diffusion around the solid/liquid interface during solidification can easily be solved since the phase fraction is continuously changed in the cells with the diffuse interface model. 12, 13) In the present model, the solid fraction of a cell is firstly evaluated by the classical sharp interface model and then diffused in the cells around the solid/liquid interface using the following equation. Species transport, i.e. solute redistribution and diffusion around the solid/liquid interface, can then be solved similarly as in the phase field models. Using the weight function given by Eq. (4), the S-curve profiles of the solid fraction can be obtained around the diffuse solid/liquid interface. In this equation, the diffused layer thickness is approximately 5 times of the cell size, which was determined considering the calculation speed and the solution stability.
Interface Curvature
In case of the phase field models, the interface energy can be considered in the model using the concept of well potential in the diffuse interface layer, leading to crystal anisotropy. However, there is no limit for crystal anisotropy in the present model, because the Gibbs-Thomson effect is directly introduced into the model using the average interface curvature, which is defined by ............. (6) where, l c which indicates the inter-cell spacing is defined in a regular grid system as follow. Equation (6) was derived based on the following three conditions: (a) The average interface curvature is zero when the average solid fraction is 0.5. (b) The curvature is negative when the solid fraction is lager than 0.5. (c) The curvature is positive when the solid fraction is smaller than 0.5.
Cell Transition Rule
In classical cellular automaton models, a liquid cell can be directly transformed to a solid cell by nucleation or growth, and the crystal growth is calculated with the directions from a solidified cell to its four nearest neighbor cells. It is difficult to simulate the evolution of various dendrite morphologies using the transition rule used in the classical cellular automaton models. In the present model a similar cell transition rule to Nastac's model 40, 41) is adopted. In addition, eight neighbor cells, which include the four nearest neighbor cells and the four second-nearest neighbor cells are taken into consideration to determine the interface cells and to evaluate the growth vectors. The crystal growth vector (n ® ) is obtained from the gradient of solid fraction using the following equation. A similar form for n y of the y component can also be given.
Crystal Anisotropy
Accounting for the thermodynamic and kinetic anisotropy, the crystal growth velocity according to the crystal orientation is calculated. Considering the crystal growth direction (q) and the preferred orientation (y), the crystal growth velocity (v g ) is assumed as (14) g is the interfacial energy and DS f is the entropy of fusion. The entropy of fusion is assumed to be a constant. where DH f 0 represents the enthalpy of fusion for a pure metal.
Rate of Phase Change of a Cell
In order to simulate the dendritic growth, the change rate of solid fraction of a cell is calculated from the crystal growth velocity ( f˙S) as follows. The geometrical factor defined by Eq. (17) is used to account for the fact that as the number of solid neighbor cells increases, the solidification rate of a cell increases, even though the crystal growth velocity is kept constant. In the above equation, the effects of the second nearest neighbor cells are weaker than those of the nearest cells, because the geometrical relation between cells is proportional to the cell spacing.
Time Step
The stable time step for calculation can be evaluated by the maximum change rate of solid fraction as follow. The species and the momentum transfer are implicitly calculated, but the phase transformation by the dendritic growth is calculated with an explicit scheme. Thus, it is considered that at least five time intervals are necessary to complete the solidification of a liquid cell.
Momentum and Species Transfer
In the present study, the free dendritic growth was simulated under the consideration of solute diffusion with convection. However, the temperature distribution in the supercooled melt is assumed to be uniform.
Solute Diffusion
The activity coefficients of liquid and solid are assumed to be constant. The governing equation for solute diffusion can be rearranged as the following equation using the concept of the chemical activity (a) 46) related to the chemical potential or the free energy, 48) which is similar to that for thermal diffusion. (24) where k is the partition coefficient. The absolute values of reciprocal activity coefficients are not important in calculating the concentration field. However, the relation such as Eq. (24) must be satisfied for the chemical equilibrium at the solid/liquid interface. Figure 1 shows the thermodynamic relation between the activity and the solute concentration during solidification. The reciprocal activity coefficient is assumed to be not dependent upon the temperature,
but varies as a function of the solid fraction. As shown in the figure, three paths can be considered to analyze the species transfer during solidification. However, there are source terms in the finite differential equations derived from two (ABC and ADC paths) of them. In order to eliminate the special source term due to the rejected solute in the liquid ahead of the solid/liquid interface during solidification, the diffused solid fraction is explicitly calculated using Eqs. (3) and (16) . The path AC in Fig. 1 is applied for the calculation. Thus, Eq. (20) can be discretized into the following finite difference equation.
..... (25) where D x is the diffusivity at a cell boundary in the x direction, which can be calculated by the arithmetic mean as 
Coupling of Species and Momentum Transfer
The momentum transfer is solved by the SIMPLE algorithm using the staggered grids and the hybrid scheme. 47) In order to analyze the species transfer with convection, we need to consider the convection term. The finite difference form for the convection term at a cell boundary in the x direction (F (27) where u x and M x are the flow velocity and the reciprocal activity coefficient at a cell boundary in the x direction, which can be calculated with the arithmetic mean value similar to Eq. (26) . The convection and diffusion terms of species transfer are coupled using the hybrid scheme. A similar procedure can also be used for the evaluation of F y . Figure 2 illustrates the physical system used in the simulation. The size of the computational domain is 40.2ϫ40.2 mm 2 , and the radius of a crystal seed is 0.6 mm. The number of cells is 201ϫ201, and the size of each cell is 0.2 mm. It is assumed that melt flows into the domain with a bulk flow velocity of U in from left to right. The top and bottom surfaces of the domain are assumed to be the symmetrical boundaries. Thermophysical properties used in the calculation are summarized in Table 1 . The interface kinetic coefficient is a function of the temperature and the solute concentration, but is fixed as 0.002 m/s/K in this study, considering Eq. (1) and the reported dendrite tip growth velocity (approximately 0.02 m/s, when the total undercooling is 10 K and C 0 ϭ4.59 mass% Cu) 44) . The basic assumptions are described as follows: (a) The initial activity is uniform throughout the computational domain. Table 1 . Thermophysical properties used in the calculation. (b) The computational domain is kept at a uniform temperature with a specified undercooling. The initial tip growth velocity on the preferred orientation is approximately 0.0255 m/s, calculated from the Eqs.
Results and Discussion
(1), (12) , (13) , the radius of a seed and Table 1 . There is no solutal undercooling, but approximately 0.2 K curvature undercooling, which is much smaller than the total undercooling. In this system, thus, curvature undercooling is not a dominant factor.
In order to investigate the effect of bulk fluid flow on dendritic growth morphology, free dendritic growth of an Al-4.59mass%Cu alloy was simulated for two cases; one is without melt flow and the other with bulk fluid flow in the melt. The simulation results are shown in Fig. 3; (a) is smaller than the reported value (0.02 m/s), 44) because the present interface kinetics coefficient was obtained from the reported value and the total undercooling (10 K). Actually, in Fig. 3(a) , the kinetic undercooling of the dendrite tip is approximately 1.23 K, obtained from the Eqs. (1), (12) and the tip growth velocity. For the heavily saturated solute on the interface, the kinetic undercooling is much smaller than the total undercooling. The maximum solutal undercooling is about 8.92 K, calculated from the liquidus slop and the difference between the maximum and the bulk concentration in Fig. 3(a) . In this system, thus, solutal undercooling is one of the most critical factors in dendrite growth kinetics, and hardly restricts the crystal growth.
On the other hand, there is an asymmetry in dendrite morphology in case of dendritic growth with bulk fluid flow. It is found from Fig. 3(b) that the dendrite arm in the upstream direction grows faster, whilst the growth of the dendrite in the downstream direction is much delayed. In addition, it can also be seen in the figure that the dendrite arms perpendicular to the bulk flow direction are slightly deflected in the upstream direction. This behavior can be easily understood with "the wash away action". The solute atoms rejected in the liquid ahead of the solid/liquid interface are washed away from the upstream to the downstream direction, resulting in the asymmetrical solute profile in the liquid and the resultant asymmetrical dendritic growth. The dendritic growth velocity in the region where the solute concentration is lower than other regions will be slower, leading to the asymmetrical growth or the deflection of dendrites in the upstream direction. Beckermann et al. 42) reported a similar example on the asymmetrical thermal dendritic growth of a pure metal in an undercooled melt. Lee, et al. 44) also simulated a similar deflection behavior in columnar grain growth of Al-Cu alloys using a cellular automaton-finite volume method. In order to understand the dendritic growth morphology under melt convection in more detail, dendritic growth was investigated under various process parameters as follows. Figure 4 shows the predicted dendrite morphology with various preferred orientations:(a). yϭ0, (b) yϭp/4, and (c) yϭp/3. Here y is the angle between the bulk flow direction and the preferred growth orientation. As shown in Fig. 4(a) the dendrite arm in the upstream direction grows faster than other arms, which is considered to be due to "the wash-away action". In case of Fig. 4(b) when the preferred orientation (y) is p/4, the growth velocity of the dendrites in this direction is also faster than other arms. A similar tendency can be found when the angle between the growth direction of a dendrite tip and the inlet flow is 3p/4, as shown in Fig. 4(c) . Thus, it can be said that the wash-away action by convection results in the asymmetric dendritic growth and the deflection of dendrite arms in the upstream direction. Figure 5 indicates the effects of the inlet flow velocity on dendritic growth morphology. As the inlet flow velocity increases, the dendritic growth in the upstream direction becomes much faster whilst that in the downstream direction becomes much slower. It is considered that the wash-away action increases with the inlet flow velocity.
Effects of Preferred Orientation

Effects of Inlet Flow Velocity
Effects of Initial Concentration
The effect of initial concentration on the deflection behavior was also investigated. Figure 6 shows the simulated dendritic growth morphology with various initial concentrations. As the initial concentration increases, the asymmetry in the flow direction and the local deflection of dendrites perpendicular to the flow direction increase. It is considered that the amount of rejected solutes in front of the solid/liquid interface increases with an increase of the initial concentration, leading to an increase of the asymmetry of con- centration field. In addition, the local deflection of the dendrite arms perpendicular to the flow direction also increases as the initial concentration increases since the asymmetry of solute distribution is proportional to the diffusion layer thickness. This deflection behavior is correspondent to the tendency reported by Lee et al. Figure 7 indicates the effect of the initial supercooling on dendritic growth morphology with a constant inlet flow velocity of 0.01 m/s. As shown in the figure, the asymmetry of the dendrite growth in the flow direction decreases as the initial supercooling increases. This behavior can be understood by the fact that the dendritic growth velocity increases and the amount of segregated solutes decreases as the initial supercooling increases. In addition, the side branching of secondary arms occurs with an increase of the initial supercooling.
44)
Effects of Initial Supercooling
Concluding Remarks
In order to investigate the effects of melt convection on dendritic growth morphology, a modified cellular automa- ton model was developed and applied to the simulation of free dendritic growth of Al-Cu alloys in an undercooled melt. It was found that melt convection induces an asymmetric dendritic growth in the upstream direction, which is caused by the asymmetry of solute distribution in the liquid ahead of the solid/liquid interface. The asymmetric solute distribution is caused by the wash-away action of solutes rejected in the liquid during solidification. Since the washaway action increases as the diffusion layer thickness increases, the asymmetry in dendritic growth is amplified with the increase both of the initial concentration and the flow velocity. The asymmetry decreases with an increase of the initial supercooling. The present modified cellular automaton model can be successfully applied to predict the asymmetrical dendritic growth and the deflection behavior in solidification of alloys with convection. In addition, the present model can cope with the species transfer together with bulk fluid flow during dendritic solidification since it is based on the diffuse interface and the continuum model. 
